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(TXLYDOHQWLQLWLDOERZLPSHUIHFWLRQRIWKHILUVW(LJHQEXFNOLQJVKDSHZDVLQFOXGHGWKHPRGHOZDVORDGHGE\IRUFHDQGJHRPHWULFDO
DQGPDWHULDOQRQOLQHDUDQDO\VHVZHUHSHUIRUPHG)URPSURYLGHGUHVXOWVVRPHFRQFOXVLRQVFDQEHUHDFKHG7KHORDGXQGHUZKLFK
WKHFROXPQLVVWUHQJWKHQHGVOLJKWO\ZHDNHQVWKHFROXPQEXWQRWE\IDUWRWKHH[WHQWRIGHVLJQUHFRPPHQGDWLRQVXVHGLQWKH&]HFK
5HSXEOLF7KH UHGXFWLRQ UDWLR XOWLPDWH ORDGFDSDFLW\RIFROXPQVWUHQJWKHQHGXQGHU ORDGGLYLGHGE\XOWLPDWH ORDGFDSDFLW\RI
FROXPQZHOGHGZLWKRXWSUHORDGLQJGHFUHDVHVZLWKLQFUHDVLQJSUHORDGPDJQLWXGHDQGFROXPQVOHQGHUQHVV6XUSULVLQJO\WKHLQLWLDO
JHRPHWULFDOLPSHUIHFWLRQZKLOHDIIHFWLQJXOWLPDWHFDSDFLW\JUHDWO\KDVDOPRVWQRHIIHFWRQWKHUHGXFWLRQUDWLR
,QWURGXFWLRQ
7KHSDSHUUHIHUVWRVWHHOPHPEHUVORDGHGE\D[LDOFRPSUHVVLYHIRUFHVWUHQJWKHQHGXQGHUORDGE\ZHOGHGSODWHV
SDUDOOHOWRIODQJHV6WUHQJWKHQLQJH[LVWLQJVWUXFWXUHVXQGHUORDGE\ZHOGLQJSODWHVLVRIWHQFRQGXFWHGEXWOLWWOHUHVHDUFK
LQWRWKLVVXEMHFWZDVSUHVHQWHG6RPHUHVHDUFKHUVHJ7DOO>@FODLPWKDWWKHFROXPQVWUHQJWKHQHGXQGHUORDGKDVWKH
VDPH XOWLPDWH FDSDFLW\ DV WKH FROXPQZHOGHGZLWKRXW SUHORDGLQJ2WKHUV HJ 6SDO >@5LFNHU >@ GLVDJUHH DQG
UHFRPPHQGVDIHGHVLJQQRWDOORZLQJWKHVWHHOWR\LHOG7KLVVDIHDSSURDFKZDVDGRSWHGE\WHFKQLFDOUHFRPPHQGDWLRQV
73>@LQWKH&]HFK5HSXEOLF
:HOOGRFXPHQWHGH[SHULPHQWVRIVWUHQJWKHQLQJXQGHUORDGDUHVFDUFH2¶6XOOLYDQ>@GHVLJQHGVWUHQJWKHQLQJRI
EROWHG DQG ULYHWHG VWHHO VWUXFWXUH RI%ULVWRO KDQJDU+HSUHVXPHG QR UHVLVWDQFH GHFUHDVH GXH WR WKH SURFHGXUH RI
VWUHQJWKHQLQJXQGHU ORDGRQWKHEDVLVRIH[SHULPHQWV5DRDQG7DOO>@SHUIRUPHGH[SHULPHQWVRQZLGHIODQJH
FRPSUHVVHGFROXPQV:)7KHFROXPQVWUHQJWKHQHGXQGHUORDGKDGHYHQKLJKHUXOWLPDWHORDGUHVLVWDQFHWKDQWKH
UHIHUHQFHFROXPQE\EXWLWPLJKWKDYHEHHQFDXVHGE\ORZHULQLWLDOLPSHUIHFWLRQV7DOOFRQGXFWHGFRPSUHKHQVLYH
UHVHDUFKRQUHVLGXDOVWUHVVDQGLWVHIIHFWRQFRPSUHVVHGFROXPQXOWLPDWHORDGUHVLVWDQFH0DU]RXNDQG0RKDQ>@
H[HFXWHG  H[SHULPHQWV RQ FRPSUHVVHG FROXPQV :î:î XVLQJ WZRPHWKRGV RI VWUHQJWKHQLQJ$OO
VWUHQJWKHQHGFROXPQVH[KLELWHGJUHDWHUXOWLPDWHORDGFDSDFLW\WKDQGHVLJQEXFNOLQJUHVLVWDQFHFDOFXODWHGDFFRUGLQJWR
(1&ODXVHDQGLWVHHPVWKDWZHOGEHDGVDWIODQJHWLSVSURYLGHPRUHIDYRXUDEOHGLVWULEXWLRQRIUHVLGXDO
VWUHVVHVDVVWDWHGE\7DOO>@/LXDQG*DQQRQ>@WHVWHGVWUHQJWKHQHGVSHFLPHQVE\IRXUSRLQWEHQGLQJDQGXVHG
YDOLGDWHGQXPHULFDOPRGHOVIRUSDUDPHWULFVWXG\>@$XWKRUVFRQGXFWHGH[SHULPHQWVRIVWUHQJWKHQLQJRIWKLQZDOOHG
ZHOGHG7VKDSHGFROXPQVVWUHQJWKHQHGYLDQGIODQJHWRPRQRV\PPHWULFDO,VKDSHGFROXPQV>@7KHSXUSRVHZDV
WRLQYHVWLJDWHWKHLQIOXHQFHRIORFDOEXFNOLQJDQGWRUVLRQDOIOH[XUDOEXFNOLQJRQWKHXOWLPDWHORDGUHVLVWDQFHRIWKH
FROXPQVWUHQJWKHQHGXQGHUORDG7KHEHKDYLRXUVDQGUHVLVWDQFHVRIVWUHQJWKHQHGFROXPQVDQGUHIHUHQFHFROXPQVZHUH
IRXQGWREHVLPLODU7KHUHIRUHIURPWKHH[SHULPHQWDOUHVHDUFKDOWKRXJKQRWYHU\QXPHURXVLWVHHPVWKDWSUHORDG
PDJQLWXGHGRHVQRWGHFUHDVHWKHXOWLPDWHUHVLVWDQFHRIWKHFROXPQQRWLFHDEO\DQGWKHVDIHHODVWLFGHVLJQDSSURDFKLV
QRWQHFHVVDU\
,QWKLVSDSHUWKHPDLQUHVXOWVRIDQH[WHQVLYHSDUDPHWULFVWXG\FRQGXFWHGRQQXPHULFDOPRGHOVFUHDWHGLQ$16<6
VRIWZDUH DQG YDOLGDWHG E\ H[SHULPHQWV DUH SUHVHQWHG 7KH VWXG\ LV IRFXVHG RQ IOH[XUDO EXFNOLQJ RI FHQWUDOO\
FRPSUHVVHGFROXPQV7KHSXUSRVHLVWRFRQWULEXWHWRWKHERG\RINQRZOHGJHDERXWVWUHQJWKHQLQJDOORZLQJVDIHUDQG
PRUHFRVWHIILFLHQWGHVLJQRIVWUHQJWKHQLQJXQGHUORDGZLWKDGHHSXQGHUVWDQGLQJRIWKHSUREOHP
0HWKRGV
2.1. Description of the experiment 
7KHH[SHULPHQWDOUHVHDUFKZDVSHUIRUPHGLQWKH7HVW/DERUDWRU\RIWKH,QVWLWXWHRI0HWDODQG7LPEHU6WUXFWXUHV
RIWKH)DFXOW\RI&LYLO(QJLQHHULQJ%UQR8QLYHUVLW\RI7HFKQRORJ\$OOVWHHOZDVJUDGH6\LHOGVWUHQJWK03D
±EDVH VHFWLRQ 03D± VWUHQJWKHQLQJSODWHVPRGXOXVRI HODVWLFLW\ *3D )RXU FROXPQV ODEHOOHG++
UHIHUHQFH FROXPQV ZHOGHG ZLWKRXW SUHORDGLQJ + DQG + FROXPQV VWUHQJWKHQHG XQGHU ORDG ZHUH WHVWHG
6SHFLPHQVVWUHQJWKHQHGXQGHU ORDGZHUH WHVWHGXVLQJIROORZLQJSURFHGXUH7ZRVWUHQJWKHQLQJSODWHV GLPHQVLRQV
îîPPZHUHZHOGHGE\PPORQJZHOGVDWWKHPLGKHLJKWWRWKHEDVHVHFWLRQ±FROXPQ+($7KH
FROXPQZDVPORQJDQGWKHVWUHQJWKHQLQJSODWHVZHUHPPVKRUWHU6WUDLQJDXJHVZHUHJOXHGWRWKHVSHFLPHQDW
PLGKHLJKW7KHVSHFLPHQZDVLQVHUWHGLQWKHWHVWLQJVHWXSFRQVLVWLQJRIWKHULJLGIUDPHNQLIHHGJHEHDULQJVORDGLQJ
K\GUDXOLFF\OLQGHUORDGFHOO/9'7DWWKHERWWRPDQGIRXUGUDZZLUHVHQVRUVDWPLGKHLJKWVHH)LJ
345 Martin Vild and Miroslav Bajer /  Procedia Engineering  161 ( 2016 )  343 – 348 
  
)LJOHIW&ROXPQFURVVVHFWLRQGLPHQVLRQVULJKWVWUDLQJDXJHV6*66*%DQGGUDZZLUHVHQVRUV':SRVLWLRQV
VSHFLPHQ+LQWHVWVHWXS
7KHHGJHEHDULQJVRQWKHWRSDQGWKHERWWRPHQVXUHGSLQQHGERXQGDU\FRQGLWLRQVSHUSHQGLFXODUWRWKHVWURQJD[LV
DQGIL[HGSHUSHQGLFXODUWRWKHZHDND[LV$OOPHDVXULQJGHYLFHVZHUHDFWLYDWHGDQGWKHFROXPQZDVORDGHGWRN1
DQGN1 LQFDVHVRI VSHFLPHQV+DQG+ UHVSHFWLYHO\7KHQ WKH IRUFHZDVKHOG URXJKO\FRQVWDQWZKLOH WKH
VWUHQJWKHQLQJSODWHVZHUHEHLQJZHOGHGWRWKHEDVHVHFWLRQFROXPQ+($XVLQJLQWHUPLWWHQWZHOGV*DVPHWDODUF
ZHOGLQJSURFHGXUHZDVXVHGZLWKZLUHWKLFNQHVVPP2QO\YHU\VPDOODGMDFHQWDUHDRIWKHVWHHOZDVDIIHFWHGE\
ZHOGLQJ7KHFROXPQGLGQRWFKDQJHOHQJWKFRQVLGHUDEO\DQGQRVLJQLILFDQWGLVWRUWLRQVRFFXUUHG7KXVJDVPHWDODUF
ZHOGLQJVHHPVWREHPRUHFRQYHQLHQWSURFHGXUHWKDQVKLHOGHGPHWDODUFZHOGLQJZLWKHOHFWURGHWKLFNQHVVPP
ZKLFKZDVXVHGE\SUHYLRXVH[SHULPHQWDOUHVHDUFKE\DXWKRUV>@LQZKLFKFDVHWKHGLVWRUWLRQVDQGWKHWHPSHUDWXUH
FKDQJHVZHUHPXFKPRUHVHULRXV$IWHUWKHFROXPQFRROHGWKHVWUHQJWKHQHGFROXPQZDVORDGHGWRIDLOXUH
2.2. Description of the numerical models 
1XPHULFDOPRGHOOLQJZDVSHUIRUPHGXVLQJ$16<6$FDGHPLF5HVHDUFK5HOHDVHVRIWZDUH)RXUQRGH6KHOO
HOHPHQWVZHUHXVHGIRUDOOVWHHOSODWHV6XSSRUWVLQDOOGLUHFWLRQVZHUHDGGHGDWWKHSRVLWLRQRIWKHXSSHUNQLIH
HGJHEHDULQJDQGVXSSRUWVLQKRUL]RQWDOGLUHFWLRQVDQGQRGHFRXSOLQJDQGIRUFHLQORQJLWXGLQDOGLUHFWLRQZHUHDGGHG
DWWKHSRVLWLRQRIWKHORZHUNQLIHHGJHEHDULQJ(LJHQYDOXHDQDO\VLVZDVSHUIRUPHGDQGWKHJHRPHWU\ZDVXSGDWHG
ZLWK LPSHUIHFWLRQV DFFRUGLQJ WR WKH ILUVW EXFNOLQJ VKDSH 7KHQ WKH HOHPHQWV RI WKH VWUHQJWKHQLQJ SODWHV ZHUH
GHDFWLYDWHGWKHLUPRGXOXVRIHODVWLFLW\ZDVGUDVWLFDOO\UHGXFHGDQGWKHEDVHVHFWLRQZDVORDGHGWRWKHGHVLUHGSUHORDG
PDJQLWXGH1H[WWKHHOHPHQWVRIWKHVWUHQJWKHQLQJSODWHVZHUHUHDFWLYDWHGDQGWKHIRUFHDFWLQJRQWKHVWUHQJWKHQHG
FROXPQKDGEHHQLQFUHDVHGXQWLOWKHVROYHUVWRSSHGFRQYHUJLQJLHWKHFROODSVHRFFXUUHG
2.2.1. Parametric study 
7KH SURFHGXUHV DQG GHVLJQ YDOXHV UHFRPPHQGHG LQ (1 $QQH[ &ZHUH XVHG 7KH ELOLQHDU LVRWURSLF
PDWHULDOPRGHOZLWK<RXQJ¶VPRGXOXVRIHODVWLFLW\E *3D\LHOGVWUHQJWKf\ 03DDQGQRPLQDO\LHOGLQJ
SODWHDXVORSH03DZDVXVHGLQDOOFDVHV9DULDEOHSDUDPHWHUVZHUHVXPPDUL]HGLQ7DEOH1RWDOOSDUDPHWHUVZHUH
FRPELQHGZLWKHDFKRWKHUEXWUHJDUGOHVVWKHVWXG\FRQWDLQVQXPHULFDOPRGHOV
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7DEOH9DULDEOHSDUDPHWHUVLQQXPHULFDOVWXG\
FROXPQOHQJWK P
SLQQHGD[LV VWURQJD[LVZHDND[LV
SUHORDGPDJQLWXGHSLQQHGSHUSHQGLFXODUWRWKHVWURQJD[LV N1VWHSVIRUPOHQJWKN1VWHSVRWKHUZLVH
SUHORDGUDWLRVSLQQHGSHUSHQGLFXODUWRWKHZHDND[LV 
HTXLYDOHQWLQLWLDOERZLPSHUIHFWLRQ LLL
WKLFNQHVVRIVWUHQJWKHQLQJSODWHV PP
2.2.2. Validation of numerical model 
7KHUHVLGXDOVWUHVVZDVQHJOHFWHGWRNHHSWKHPRGHODVVLPSOHDVSRVVLEOH'XHWRV\PPHWULFLW\RIZHOGVDQGXVH
RILQWHUPLWWHQWZHOGVWKHQHJOHFWLVMXVWLILHG7KHUHIRUHWKHPRGHOZDVWKHVDPHDVLQWKHSDUDPHWULFVWXG\7KHVL]H
RI WKH FROXPQ DQG VWUHQJWKHQLQJ SODWHV ERXQGDU\ FRQGLWLRQV PDWHULDO SURSHUWLHV DQG SUHORDG PDJQLWXGHV
FRUUHVSRQGHGWRWKHH[SHULPHQWVVHH&KDSWHUDQGHTXLYDOHQWLQLWLDOERZLPSHUIHFWLRQFRUUHVSRQGHGWR/
5HVXOWVDQG'LVFXVVLRQV
D
E
F
)LJD9DOLGDWLRQRIQXPHULFDOPRGHO±/'GLDJUDPDQGFRPSDULVRQRIORQJLWXGLQDOVWUHVVıRQEIODQJHRIEDVHVHFWLRQ%DVHDQGFDW
VWUHQJWKHQLQJSODWH6WU

7KH UHVXOWV RI QXPHULFDO DQG H[SHULPHQWDO UHVHDUFK FORVHO\ FRLQFLGHG DV FDQ EH VHHQ LQ )LJ 7KH ORDG±
GLVSODFHPHQWJUDSKDQGVWUDLQVLQORQJLWXGLQDOGLUHFWLRQFDSWXUHGE\VWUDLQJDXJHVZHUHDOVRIRXQGWREHVLPLODUWR
QXPHULFDOPRGHOV%\FRQWUDVWWKHUHVXOWVRIDGHVLJQSURSRVDOIURP73>@DUHH[WUHPHO\FRQVHUYDWLYHDQGWKH
UHGXFWLRQUDWLRGHFUHDVHVOLQHDUO\ZLWKLQFUHDVLQJSUHORDGPDJQLWXGHZKLOHWKHUHVXOWVRIWKHQXPHULFDOVWXG\VKRZ
WKDWWKHGHFUHDVLQJFXUYHKDVDSSUR[LPDWHO\SDUDEROLFVKDSHVHH)LJDE
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